Abstract Localized re-melting and re-heating in regions between overlapping passes and layers drive localized microstructure development during laser-based additive manufacturing processes. Ti-rich (Ti 52.1 Ni 47.9 at.%) and Ni-rich (Ni 53 Ti 47 at.%) alloy builds were fabricated using a laser-based directed energy deposition (LDED) process and sectioned in three orthogonal cross-sections to provide a 3-dimensional view of the grain and precipitate morphologies in the interpass and interlayer regions. Fine equiaxed grains, which were an order of magnitude smaller than the columnar grains in the bulk regions, were observed in the interfacial regions. While these columnar grains showed preferential orientation in the highest heat flow direction corresponding to the build height, the fine equiaxed grain structures in the interfacial regions showed no orientation preferences. In addition to these changes in grain structures, precipitation of second phases is also impacted in these regions. The re-melting and re-heating characteristic of the interfacial regions produces precipitates in the Ni-rich alloys with fine oriented morphologies different from those observed in the bulk regions.
Introduction
Interest in additive manufacturing (AM) of NiTi shape memory alloys (SMAs) has increased in recent years [1, 2] . The layer-by-layer fabrication methodology inherent in the AM process produces interfacial regions between adjacent passes and layers which experience re-heating and remelting as additional material is deposited to attain the final part dimensions. Faster solidification or cooling rates are expected nearest the edges of a melt pool [3] [4] [5] , due, in part, to the temperature gradient within the melt pool and the presence of previously deposited material. The temperature gradient arises as the laser energy source, at the center of the melt pool, has the highest temperature, which decreases further away from the melt pool center [4] [5] [6] [7] . Within the interpass and interlayer interfacial regions, the thermal histories, and thus microstructures, will vary compared to the bulk material.
As structures fabricated using AM processes become larger and more complex, these interfacial regions will consume more of the volume of the deposited material and impact the resulting properties. Previous work in the AM fabrication of Ni-Ti alloys has identified spatial variations in the grain structure [8] [9] [10] [11] and precipitate morphology [10, 12, 13 ] on more of a part or bulk scale. In this previous work, grain size is typically correlated with AM build parameters [8, 9, [14] [15] [16] [17] , and larger grain sizes are This article is an invited paper selected from presentations at the 2017 International Conference on Martensitic Transformations (ICOMAT 2017), held July 9-14, 2017, in Chicago, Ill., and has been expanded from the original presentation. attributed to larger energy densities or heat inputs [8, 9, [14] [15] [16] [17] . Increased energy input was expected to result in either a higher temperature or a slower solidification rate, allowing for grains to coarsen [8, 14, 15, 17] . Little additional work, though, has been concentrated on the localized grain and precipitate morphologies present in these interfacial regions. In order to analyze these interfacial regions in greater depth, Ti-rich (Ti 52.1 Ni 47.9 at.%) and Ni-rich (Ni 53 Ti 47 at.%) alloy builds were fabricated using the LDED AM technique. Localized microstructure characterization exposed grain and precipitate morphologies within interfacial regions to differ in scale and morphology from those present in the bulk. For the Ni-rich alloy, finer Ni 4 Ti 3 precipitates exist within interfacial regions. Re-melting and re-heating did not result in precipitation within interfacial regions of the Ti-rich alloy. The nature of the additive manufactured grain morphology is independent of feedstock composition. Precipitate and grain morphologies are refined in the interfacial regions independent of orientation, indicating that there is minimal difference in the microstructures formed in interpass and interlayer regions.
Materials and Methods
A LDED AM process was employed using a bi-directional build plan path to fabricate wall structures. The processing parameters and details have been reported and summarized elsewhere [10, 12, 18, 19] . Feedstocks used for fabricating these structures consisted of elementally blended Ni and Ti powders (d 50 = 100 lm for Ni; d 50 = 90 lm for Ti [18] ) to produce Ti-rich (Ti 52.1 Ni 47.9 at.%/Ti 47 Ni 53 wt%) and Nirich (Ni 53 Ti 47 at.%/Ni 58 Ti 42 wt%) compositions. Respectively, the Ti-and Ni-rich blends produced Ni 50.3 Ti 49.7-± 0.8 at.% and Ni 52.6 Ti 47.4 ± 0.3 at.% build compositions. The X-Y-Z machine coordinate system [20] corresponds to the build coordinate axes (pass-build-height directions), as shown in Fig. 1 . Samples for microstructure characterization were sectioned, as shown in Fig. 1a -c, to provide a 3-dimension visualization of the microstructure. For the X-Y plane, which is spanned by the pass-build directions, the overlap that produces the interfacial regions is illustrated in Fig. 1a . Interfacial regions on the Y-Z plane correspond to the build-height directions and capture the interlayer regions (Fig. 1b) . For the X-Z plane, corresponding to the pass-height directions, interfacial regions in Fig. 1c represent both pass overlaps and interlayers. Samples were mechanically polished then etched, using Kroll's reagent, for microstructure characterization. The grain structure was characterized using a Stemi 508 stereoscope (Carl Zeiss AG, Germany) and the grain size measurements followed ASTM E112 [21] . The precipitate morphologies were characterized using back-scatter electron (BSE) imaging and energy dispersive X-ray spectroscopy (EDS) techniques on a Helios NanoLab 660 FESEM (FEI, Waltham, MA) with AZtecHKL software. Pure Ni and Ti samples were used as standards for reporting on quantitative composition measurements. of the pass [23] , which corresponds to areas with the fastest cooling rates [3, 7, 9, 24] .
Results and Discussion
Grain structures resulting from overlapping layers and the resulting interlayers are shown in Figs. 2(ZY) and 3(ZY). Fusion lines are observable and delineate the lower boundary of a deposited layer, and the distance between fusion lines corresponds to the 0.7 mm layer height. The uniform elongated grain structure is oriented along the build height and consistent with the direction of highest heat flow [7, 22] . The corresponding major axis lengths, in the z-direction, are nearly 1.0 mm for the Ni-rich and Tirich alloys. Elongated grains can span multiple layers, suggesting that there is some epitaxial growth upon the previously solidified layer as new material is deposited [7] .
Pass overlap and interlayers produce the grain structures shown in Figs. 2(ZX) and 3(ZX) . The characteristic semicircle shape of pass boundaries [19, 20] is outlined. Note that distances in the x-direction between the bottom vertices are marked. For the Ni-rich and Ti-rich compositions, the distances are similar to the hatch spacing (1.3 mm), whereas the z-distance (0.7 mm) between these vertices is comparable to the layer thickness. Away from the boundaries, larger columnar grains can be distinguished at locations (a). Smaller equiaxed exist along and near the boundaries marked with (b). The length of the columnar grains is about 0.7 mm and they are oriented normal to the boundaries. Orientations generally align toward the highest heat flow direction. Interfacial regions exhibit the representative precipitate morphologies shown in Fig. 4a and b for Ni-rich compositions. For the current Ti-rich LDED alloy, precipitates are not observed in Fig. 4c . Studies on LDED additive manufactured Ti-rich materials Ni 44.9 Ti 55.1 at.% [25] , and Ni 48.9 Ti 51.1 at. % [26] report the presence of Ti 2 Ni-precipitates/-oxides. In our previous work Ref. [19] , however, Ti 2 Ni-precipitates/-oxides were not detected in XRD analysis. Very small Ni 4 Ti 3 precipitates exist in Nirich alloys at locations within and nearest the interfacial regions, e.g., 1.0 lm in Fig. 4a . Precipitates increase in size away from the boundary in the bulk, e.g., 2.3 lm in Fig. 4b . Oliveira et al. [13] observed Ni 4 Ti 3 precipitates in a Ni-rich alloy within a heat affected zone (HAZ) and contrasted the HAZ with the center of the pass, which did not contain precipitates. The variation in the secondary phase formation was attributed to temperature and rapid solidification rates at the center of the pass precluding precipitation.
Conclusions
The layer-by-layer manner in which AM components are fabricated in both PBF and LDED processes results in the formation of interfacial regions between individual passes and layers. These interfacial regions are formed by localized re-melting and re-heating of previously deposited material, producing changes in both grain size and precipitate morphology in NiTi alloys. Depending on the size of each deposit as well as that of the component, these interfacial regions can account for 25% or more of the overall build volume, making their impact on both structure and properties an important consideration. As observed in both Ti-rich (Ti 52.1 Ni 47.9 at.%) and Ni-rich (Ni 53 Ti 47 at.%) alloys produced using a laser-based DED process, fine equiaxed grain structures are present in these interfacial regions. On the other hand, large columnar grains are present in the bulk regions, which experience no re-melting or significant re-heating during the deposition process. These differences in the interfacial regions also carry over to the observed precipitate morphologies in the Ni-rich alloys. Within the interfacial regions, Ni 4 Ti 3 precipitates are observed and are smaller in size than those present in the bulk regions. In the Ti-rich alloys, no precipitates are observed in either the interfacial or the bulk regions.
